Equisetum is a small and morphologically distinct genus with a rich fossil record. Two subgenera have been recognized based principally on stomatal position and stem branching: subg. Equisetum (eight species; superficial stomates; stems branched) and subg. Hippochaete (seven species; sunken stomates; stems generally unbranched). Prior attempts at understanding Equisetum systematics, phylogeny, and character evolution have been hampered by the high degree of morphological plasticity in the genus as well as by frequent hybridization among members within each subgenus. We present the first explicit phylogenetic study of Equisetum, including all 15 species and two samples of one widespread hybrid, Equisetum #ferrissii, based on a combined analysis of two chloroplast markers, rbcL and trnL-F. Our robustly supported phylogeny identifies two monophyletic clades corresponding to the two subgenera recognized by earlier workers. The phylogenetic placement of Equisetum bogotense, however, is ambiguous. In maximum likelihood analyses, it allies with subg. Hippochaete as the most basal member, while maximum parsimony places it as sister to the rest of the genus. A consensus phylogeny from the two analyses is presented as a basal trichotomy (E. bogotense, subg. Hippochaete, subg. Equisetum), and morphological character evolution is discussed. We detected rate heterogeneity in the rbcL locus between the two subgenera that can be attributed to an increased rate of nucleotide substitution (transversions) in subg. Hippochaete. We calculated molecular-based age estimates using the penalized likelihood approach, which accounts for rate heterogeneity and does not assume a molecular clock. The Equisetum crown group appears to have diversified in the early Cenozoic, whereas the Equisetaceae total group is estimated to have a Paleozoic origin. These molecular-based age estimates are in remarkable agreement with current interpretations of the fossil record.
Introduction
The Equisetopsida (Archaeocalamitaceae, Calamitaceae, Equisetaceae) are an ancient lineage of "seed-free" vascular plants distinguished in part by the regular alternation of whorled appendages at successive nodes, highly reduced leaves, a characteristic stele morphology, and sporangiophores (Page 1972b; Bateman 1991; Kenrick and Crane 1997a) . The arborescent Calamitaceae and Archaeocalamitaceae are likely to have been prominent components of Paleozoic wetland habitats (DiMichele and Hook 1992; DiMichele et al. 2001) , but by the mid-Permian these woody calamites were extinct (Bateman 1991) . These two families shared such features as the presence of bracts in the cones between the whorls of sporangiophores and a vascular cambium (Crane 1989) , which were presumably lost in Equisetaceae (Equisetum, Equisetites).
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thought to be closely related to the Equisetopsida because they also have whorled appendages, secondary xylem, and sporangiophores (Stein et al. 1984; Kenrick and Crane 1997a) , though some debate surrounds these putative homologies. Based on the exarch development of the metaxylem, Stewart and Rothwell (1993) suggested a possible relationship of the Sphenophyllales to the Lycopsida, but many similarities with the Equisetopsida make this relationship appear unlikely (Kenrick and Crane 1997a). The early fossil genus Ibyka from the middle Devonian (Skog and Banks 1973) was shown by Kenrick and Crane (1997a) to be sister to Equisetopsida based on whorled branching (Stein et al. 1984) and protoxylem disintegration to form lacunae (Skog and Banks 1973) . Other middle and upper Devonian taxa, such as Hyenia, Calamophyton, and Pseudobornia, have been variously associated with members of the Equisetopsida and Sphenophyllales, but their phylogenetic status is more problematic (Berry and FaironDemaret 2001; Pryer et al. 2004) .
The sole living genus in the Equisetaceae, Equisetum, is herbaceous and thought to have diverged-or arisen by anagenesis-in the Tertiary from an older genus, Equisetites, which dates to the mid-Permian (Stewart and Rothwell 1993) , with possible records dating back to the Carboniferous (Taylor and Taylor 1993) . Historically, workers have placed fossil forms that are indistinguishable from modern horsetails in Equisetum, while Equisetites has been used for Mesozoic fossils that cannot be positively allied with extant species (Kelber and van Konijnenburg-van Cittert 1998) . Equisetum is a small, easily recognized, and highly distinctive genus of vascular plants with a subcosmopolitan distribution. Most species are found between 40Њ and 60Њ north latitude and are generally confined to seasonally or sometimes perennially wet ground (Kenrick and Crane 1997a) .
Taxonomic treatments of Equisetum have identified a variable number of species. We follow Hauke (1983 Hauke ( , 1993 in recognizing 15 species worldwide, with 11 of them found in North America, north of Mexico. All species of Equisetum have the same chromosome number ( ; Manton 1950) . n p 108 Most authors (Hauke 1963 (Hauke , 1978 divide the genus into two subgenera: subg. Hippochaete (seven species), or scouring rushes, characterized by stomates sunken relative to the epidermis and generally unbranched stems, and subg. Equisetum (eight species), or horsetails, having stomates flush with the epidermis and stems frequently branched. Several subgeneric (sectional) classification schemes have been suggested by past workers; we present Hauke's (1963 Hauke's ( , 1978 in table 1.
The broad range of gross morphological variation within Equisetum and the cryptic nature of a few stable characters have resulted in a proliferation of described varieties and subspecies. Rampant hybridization and the persistence of sterile hybrids and stress-induced mutants made previous rigorous systematic analysis of the genus challenging (Hauke 1983) . Early work by Schaffner (1921 Schaffner ( , 1925a Schaffner ( , 1925b Schaffner ( , 1930a Schaffner ( , 1930b on Equisetum identified between 20 and 23 species in five sections, which he placed along an evolutionary continuum. Schaffner's comparative studies led him to suggest that the large, perennial tropical American species, Equisetum giganteum and Equisetum myriochaetum, represented the "primitive" condition (Schaffner's [1925b] "Primitiva" group) and that all other Equisetum species represented progressively more advanced forms. Schaffner considered Equisetum arvense, a north-temperate annual with sterile and fertile (dimorphic) aerial stems, to be the most derived Equisetum. Hauke (1963 Hauke ( , 1978 , recognizing that members of the genus Equisetum exhibited considerable morphological plasticity and hybridized readily, undertook a rigorous reassessment of the genus. In addition to reducing Schaffner's 23 species to 15, Hauke (1963 Hauke ( , 1978 identified 15 widespread and common hybrids, most of which were sterile, and attributed their ecological success to the ease of persistence of the rhizomatous growth habit and propagation by vegetative fragments. Hauke (1963) presented a character-based phylogeny of subg. Hippochaete employing Wagner's (1961; reviewed in Wagner 1980) ground-plan divergence scheme. In his monograph of subg. Equisetum, Hauke (1978) calculated a phenetic dendrogram to represent relationships among the eight species, using similarity percentages based on 18 morphological characters. Unimpressed by the results, Hauke (1978, p. 401) stated, "I do not believe we can trace any sort of phylogency [sic] for the subgenus." Duckett (1979b) presented diagrammatic representations of interspecific relationships in Equisetum based on artificial hybridization frequencies and also on published data on the frequency of putative natural hybrids. The absence of hybridization between subgenera in Duckett's (1979b) study supports the division of Equisetum into two subgenera. DNA hybridization analyses (Bendich and Anderson 1983) also supported the division of the genus into two subgenera but provided no further details on phylogenetic relatedness among species.
The molecular and morphological phylogeny of Pryer et al. (2001b) indicates that extant horsetails, together with the eusporangiate and leptosporangiate ferns, form a monophyletic group (Infradivision Moniliformopses; Kenrick and Crane 1997a) that is sister to the seed plants. Our study presents a phylogeny of Equisetum based on DNA sequence data from two chloroplast markers: rbcL and the trnL-F region, which includes the quickly evolving trnL intron and the trnL-F spacer. Based on this molecular phylogeny, we reconsider the taxonomy and morphological evolution of the group. In addition, we compare the fossil record with the timing of historical diversification based on molecular data to determine whether the Equisetum crown group is a relatively recent (Cenozoic) genus or if it could indeed be ancient, with its origins in the Paleozoic.
Material and Methods

Taxon Sampling
Voucher information for all Equisetum taxa sampled in this study is presented in table 1. All 15 species of Equisetum and two specimens of one widespread hybrid, Equisetum #ferris-sii, were included. Our taxonomy follows Hauke (1963 Hauke ( , 1978 Hauke ( , 1983 . Based on Pryer et al. (2001b) , Psilotum, Botrychium, Danaea, Angiopteris, and Osmunda were selected as outgroup taxa (table 2) ; Psilotum and Botrychium were used to root the topologies.
DNA Extraction, Amplification, and Sequencing
Total genomic DNA was extracted from silica-dried tissue following Dubuisson (1997) , with the exception of using 5.5% DTAB buffer rather than 2% CTAB. Approximately 1.4 kb of the rbcL gene and 0.5-0.8 kb (depending on indel lengths) of the trnL-F region were amplified by the polymerase chain reaction (PCR). The amplification primers for rbcL are shown in figure 1 ; trnL-F primers followed Taberlet et al. (1991) . PCR mixtures were 25 mL, and each contained 0.125 mL Taq polymerase (Roche Diagnostics, Indianapolis), 2.5 mL of 10X PCR Buffer (PerkinElmer, Foster City, Calif.), 0.5 mL MgCl (25 mM), 0.5 mL bovine serum albumin (BSA), 2.5 mL dNTP (10 mM), 1.25 mL of each amplification primer (10 mM), 0.5 mL genomic DNA, and purified water to volume.
PCR cycles were programmed on a PTC-200 DNA Engine (MJ Research, Watertown, Mass.) starting with a 5-min 94ЊC denaturation and finishing with a 4-min 72ЊC extension step. Specific PCR conditions used for rbcL were 94ЊC denaturation for 45 s, 54ЊC annealing for 30 s, and 72ЊC extension for 90 s; for trnL-F, we used 94ЊC denaturation for 45 s, 52ЊC annealing for 30 s, and 72ЊC extension for 70 s. All reactions were held at 4ЊC before visualization with ethidium bromide on a 1.5% agarose gel. Amplicons were purified using Millipore spin columns (Millipore, Bedford, Mass.). Both strands of purified PCR products were directly sequenced in 10-mL reactions using the rbcL primers shown in figure 1 and the trnL-F primers in Taberlet et al. (1991) . Cycle sequencing used BigDye version 2 sequencing chemistry, and reaction mixtures were run on an ABI 377 automated DNA sequencer (Applied Biosystems, Foster City, Calif.). Sequencing reads from each amplicon were compared with GenBank databases using a BLASTN similarity search to reduce the possibility of including contaminant sequence data. Sequence data were edited and assembled into alignments using the program Sequencher 4.0 (Gene Codes, Ann Arbor, Mich.). All the Equisetum rbcL (except AF313579) and trnL-F sequences obtained in this study are new and have been deposited in GenBank (table 1) . For the outgroups, a new trnL-F sequence was obtained for Psilotum (table 2) and deposited in GenBank.
Sequence Alignment and Phylogenetic Analyses
The rbcL and trnL-F sequences were aligned by eye using Sequencher 4.0. The rbcL alignment contained no gaps and no ambiguities. Compared to rbcL, the trnL-F sequences were highly variable, and thus the final alignment contained numerous gaps and positional ambiguities. Due to the high degree of sequence divergence between the ingroup and outgroup taxa, Psilotum was the only outgroup that could be reliably included in the trnL-F alignment. Ambiguously aligned regions (e.g., regions of uncertain homology among taxa) of the trnL intron and trnL-F spacer were delimited following the method of Lutzoni et al. (2000) . Because of their large size and dubious phylogenetic importance, these regions of questionable homology were excluded entirely from all analyses.
Maximum parsimony and maximum likelihood analyses were performed using PAUP* version 4.0b8 (Swofford 2000) on Macintosh Power PCs and on the High Performance Computer Cluster facility at the Field Museum (a Microway Linux cluster of six dual Alpha processor compute nodes/500 MHz and four UltraSparcII/400 MHz). In the maximum parsimony analyses, rbcL and trnL-F character-state changes were initially weighted equally. In subsequent analyses of rbcL, characterstate changes for each codon position were weighted using a symmetric step matrix with costs calculated using the negative natural logarithm of the observed average frequency of each possible symmetric character-state change (A↔C, A↔G, A↔T, C↔G, C↔T, G↔T) at that codon position across all sites (Felsenstein 1981; Wheeler 1990; Maddison and Maddison 2000) . The character-state changes of the nonprotein coding trnL-F region were weighted using a single symmetric step matrix with costs calculated as above, but across all included sites.
Step matrices were implemented in the Assumptions block of the NEXUS files and tested for triangle inequality. Alignments (including step matrices) are available in TreeBASE (http:// www.treebase.org/treebase/).
We tested for homogeneity of the rbcL and trnL-F data by using the partition-homogeneity test (Farris et al. 1995) as implemented in PAUP*. In the combined data set analyses, all the outgroup taxa (except Psilotum) that had been excluded from the trnL-F alignment because of ambiguous positional homology were scored as missing data for trnL-F. Parsimony heuristic searches for both equally and unequally weighted analyses were conducted on the trnL-F and rbcL alignments separately and on a combined data set with 1000 randomaddition-sequence replicates, TBR branch swapping, MULTrees on, and zero-length branches collapsed. Branch support was determined by 1000 bootstrap replicates with 100 random-addition-sequence replicates, using the same parameters as for the heuristic searches.
Maximum likelihood analyses for rbcL were run using the TrN model and heterogeneous rates of change (four rate categories) across all sites following a discrete gamma (G) distribution. TrnL-F analyses were run using the model and F81 + G four rate categories. Combined data set ( -F) analrbcL + trnL yses used the model with four rate categories. The TrN + G appropriate maximum likelihood evolutionary models, G-
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741 distribution shape parameters, nucleotide frequencies, and substitution-rate parameters were estimated empirically for each data partition via maximum likelihood using a hierarchical likelihood ratio test implemented with the program Modeltest version 3.06 (Posada and Crandall 1998) . For each separate analysis and the combined analysis, 1000 randomaddition-sequence searches were conducted to find the most likely topology. Branch support using the likelihood criterion was determined by 1000 bootstrap replicates with 10 randomaddition-sequence replicates per bootstrap replicate. Branch support for the combined data set analysis was also measured with the Bayesian Markov Chain Monte Carlo (BMCMC) method, using the program MrBayes version 1.11 (Huelsenbeck 2000) . Four parallel MCMC samplers (three of which were "heated") of one million generations each were run using the same maximum likelihood parameters used for the combined data set analysis as starting priors. Following an initial "burn-in" phase of one hundred thousand generations to optimize the likelihood of tree space, we sampled one tree every hundredth generation and then built a majority-rule consensus tree of these 9000 trees. For the purpose of comparison with bootstrapping, we chose to consider nodes with posterior probabilities greater than 0.90 (e.g., the node appears in greater than 90% of sampled trees) as being well supported.
Divergence Times Estimated Using rbcL
A likelihood ratio test was conducted using PAUP* to determine whether a global molecular clock hypothesis could be applied to the sampled ingroup rbcL sequences. Using the program HYPHY (Pond and Muse 2001) , we tested for betweentaxa rate heterogeneity (multiple local molecular clock hypotheses) using pairwise likelihood ratio tests following the method of Muse and Weir (1992) . All pairs of Equisetum species were tested for branch-length heterogeneity against each pair's nearest sister taxon. For pairwise comparisons between subgenera, Danaea was used as the outgroup. All tests were run under the likelihood model with four rate TrN + G categories. Rate heterogeneity was detected at a 5% significance level.
Owing to the nonclocklike behavior of rbcL observed across the land plants (Bousquet et al. 1992; Gaut et al. 1992; Sanderson 1997; Soltis et al. 2002) , an approach that allows for rate heterogeneity must be employed to separate rate and time in estimated branch lengths. Because a molecular clock could not be enforced for our rbcL data set, we estimated approximate lineage divergence times using the penalized likelihood method of Sanderson (2002a) , which is a semiparametric approach using rate smoothing, to allow for robust estimation of node ages in the presence of rate variation between lineages. A "supertree" (Sanderson et al. 1998 ) topology was assembled based on the rbcL sequences from this study and the complete sample of rbcL sequences from Pryer et al. (2001b) . The green alga Chara was used to root the tree (Karol et al. 2001) and to partition branch lengths among the basalmost taxa; Chara was then excluded in subsequent analyses. Branch lengths were estimated via maximum likelihood using the model TrN + G with four rate categories and invariants. The maximum likelihood model, proportion of invariable sites, G-distribution shape parameters, nucleotide frequencies, and substitution-rate parameters were estimated via a hierarchical likelihood ratio test using Modeltest version 3.06 (Posada and Crandall 1998) . All penalized likelihood analyses were implemented with the program r8s version 1.5 (Sanderson 2002b ) on a Linux platform. A cross-validation procedure estimated the optimal ratesmoothing value to be 1000. In all analyses, the root of the land plant tree was fixed to 476 Ma, the presumed time of origin of land plants based on fossil evidence (Kenrick and Crane 1997b) . In the constrained analyses, the origin of the Equisetaceae was held to a minimum of 380 Ma, seed plants to 364 Ma, and leptosporangiate ferns to 340 Ma (Kenrick and Crane 1997b) . Both constrained and unconstrained analyses were run using the Truncated Newton (TN) algorithm (Sanderson 2002b) . Confidence intervals (95%) for the divergence times of clades were approximated by inspecting the likelihood surface of the best-fit TN solutions. All ages were also estimated using the Powell algorithm to check for consistency.
Results
The rbcL alignment contained 1326 bp for 17 ingroup taxa and five outgroup taxa without positional homology ambiguities or gaps. Of these, 905 characters were constant, 140 were variable but parsimony uninformative, and 279 characters were parsimony informative. Implementation of the three codon-position step matrices in the unequally weighted analysis increased the number of parsimony-informative characters to 281. The trnL-F sequences varied considerably in length within Equisetum alone, from 519 bp in Equisetum hyemale to 765 bp in Equisetum palustre. Including gaps, the final trnL-F alignment contained 1016 characters, of which 594 were excluded due to positional homology ambiguities. Of the 422 included characters, 321 were constant, 68 were variable but parsimony uninformative, and 33 were parsimony informative. Implementation of the step matrix in the unequally weighted analysis increased the number of parsimonyinformative characters to 39. The partition homogeneity test (Farris et al. 1995) confirmed that the rbcL and trnL-F data were congruent, allowing us to combine the data sets for simultaneous analysis; hence, we report here only on the results of the combined data set analyses.
The same single most parsimonious reconstruction was recovered from both the equally and unequally weighted analyses of the combined -F data ( fig. 2) . The most rbcL + trnL likely tree recovered using the maximum likelihood optimization criterion is shown in figure 3 . Both parsimony and likelihood analyses revealed exceptional support for the monophyly of Equisetum ( figs. 2, 3 ). Within Equisetum, two monophyletic clades corresponding to subg. Hippochaete and subg. Equisetum (minus Equisetum bogotense) were resolved with parsimony with robust support (100% and 94% bootstrap values, respectively); E. bogotense was isolated (80% bootstrap value) as sister to all other species of Equisetum ( fig.  2) . The maximum likelihood analysis yielded essentially the same topology as parsimony but with two major differences: weak support (62% bootstrap value) for subg. Equisetum (minus E. bogotense) and weak resolution (60% bootstrap value/ 742 INTERNATIONAL JOURNAL OF PLANT SCIENCES 72% BMCMC posterior probability) of E. bogotense as sister to subg. Hippochaete ( fig. 3) parsimony and likelihood analyses (cf. figs. 2, 3) , the overall topology in figure 4 is depicted as a basal trichotomy (E. bogotense, subg. Hippochaete, subg. Equisetum). Statistically significant rate acceleration was revealed most notably on the lineage leading to subg. Hippochaete (as compared to the lineage leading to subg. Equisetum), after the divergence of E. scirpoides and before the divergence of E. variegatum (fig. 4) . Using MacClade (Maddison and Maddison 2000) to determine the most parsimonious ancestral character state reconstruction for each variable nucleotide position, we were able to determine that the significant rate difference between the two subgenera was due exclusively to an increased rate of transversions in subg. Hippochaete. The transition/transversion ratio is 1.87 in subg. Hippochaete, compared to 3.40 in subg. Equisetum. Furthermore, the ratio of nonsynonymous substitutions (Ka) to synonymous substitutions (Ks) (pKa/Ks ratio) was slightly higher in subg. Hippochaete (0.173) compared to subg. Equisetum (0.100).
Our estimates of divergence times for Equisetum using penalized likelihood are presented as a chronogram ( fig. 5) Fig. 4 Results of the pairwise relative rate tests. A, Overall summary topology of Equisetum relationships based on results in figures 2 and 3, with Equisetum bogotense, subg. Hippochaete (H), and subg. Equisetum (E) depicted as a basal trichotomy. Length of branch leading to Equisetum was reduced by half to accommodate figure size; basal to the break, scale bar indicates 50 character-state changes, whereas distal to the break, scale bar indicates 25 character-state changes. B, Each column represents all pairwise comparisons between one species (black box) and the remaining species (white boxes). Note that the two hybrid samples of Equisetum #ferrissii were not included in the comparisons (no black box in their respective rows). A white box for a species in any column indicates that the rate of substitution for that particular species is not significantly different from the rate for the species with the black box in that same column. A box with an x for a species in any column indicates that the rate of substitution for that particular species is significantly slower than the rate for the species with the black box in that same column. For example, Equisetum giganteum is not significantly faster than any other species in subg. Hippochaete, except for Equisetum scirpoides, but it is significantly faster than Equisetum bogotense and all species in subg. Equisetum, except for Equisetum sylvaticum. Lineages were considered to be evolving at significantly different rates at . P ≤ 0.05 Equisetaceae and Marattiales (Danaea, Angiopteris) to have occurred 266.1 Ma (95% confidence to interval p 237.7 295.2 Ma). The ages estimated by the Powell algorithm were similar, so only the results estimated via the TN algorithm are presented.
Discussion
Phylogeny and Evolution of Equisetum
Fifteen horsetail species are the sole surviving link with a once ecologically prominent and diverse group of early land plants (Page 1972b; Bateman 1991; Kenrick and Crane 1997a) . The great antiquity of the lineage together with its highly distinctive morphology has made it of considerable interest to botanists and paleobotanists alike. Though few in species number, the ubiquitous distribution of Equisetum has also made it a familiar curiosity to many people. This study is the first to consider all 15 living species of Equisetum in an explicit phylogenetic framework. The phylogenetic relationships presented here (figs. 2, 3) support the monophyly of Equisetum, which has not been questioned. Milde (1865) , however, regarded the stomatal character (stomates flush with epidermis vs. stomates sunken) to be so important that he split the genus into two genera: Equisetum and Hippochaete. This taxonomic disagreement has persisted and has been reflected in the classification of Equisetum for more than 100 yr, with some botanists agreeing with and finding support for the generic distinction (Farwell 1916) and others arguing against it, preferring to recognize the two groups as subgenera of a single genus (Schaffner 1921; Hauke 1963) . To Hauke (1963) , the differences (stomatal structure, chromosomes of Hippochaete larger than those of Equisetum [Manton 1950] , no hybrids known to occur between Hippochaete and Equisetum) were far outweighed by the numerous similarities the two groups shared in general morphology, anatomy, and reproductive structure. Our study supports the monophyly of subg. Hippochaete (sensu Hauke 1963) but rejects the continued rec- , , , . Divergence times indicated by the chron-P p Paleocene E p Eocene O p Oligocene M p Miocene ogram were estimated using penalized likelihood (Sanderson 2002a ) employing the Truncated Newton algorithm with no internal age constraints enforced. Stratigraphic ranges for fossil Equisetum and fossil groups with possible affinities to Equisetum are indicated by thick solid bars and are based on dates in Stewart and Rothwell (1993) .
years ago. Mya p million ognition of subg. Equisetum (sensu Hauke 1978) because of the phylogenetic lability of Equisetum bogotense. We suggest that its taxonomic status be reconsidered in future studies.
Although support for the other members of subg. Equisetum (minus E. bogotense) forming a monophyletic group was strong (94% bootstrap value) in our parsimony analysis ( fig.  2) , this node was not well supported in the likelihood analysis (62% bootstrap value; fig. 3 ). The generally low support for relationships within this clade stands in stark contrast to the highly supported phylogeny we obtained for subg. Hippochaete, regardless of the optimization criterion used (cf. figs.  2, 3 ). This finding is in agreement with Hauke's (1978, p. 398) observations that "in the subg. Equisetum there does not appear to be any obvious phylogeny." Because the species that make up subg. Equisetum are so well characterized and easily distinguished in comparison to those that make up subg. Hippochaete, it is indeed surprising that relationships among species in subg. Equisetum are so elusive compared to those in subg. Hippochaete. Though the support for relationships was weak, the topology within subg. Equisetum (minus E. bogotense) was identical in both the parsimony and likelihood analyses (figs. 2, 3). The sister relationship we observed between Equisetum sylvaticum and Equisetum pratense (two taxa previously regarded as closely related because of their semidimorphic habit, with fertile stems persisting rather than dying back) is the only alliance that is consistent with most former studies (Page 1972a; Hauke 1978) . Our analyses provide high support for a single subclade (Equisetum diffusum, Equisetum arvense, Equisetum fluviatile) within subg. Equisetum (minus E. bogotense) (figs. 2, 3). Only Page (1972a) previously considered E. arvense and E. fluviatile to be closely related (he assigned them to his sect. Equisetum), in spite of their overall different growth habits, because of similarities in their micromorphology. This relationship is at odds with Schaffner (1925b Schaffner ( , 1930b , who regarded E. fluviatile to be the most "primitive" species within subg. Equisetum and E. arvense to be the most advanced.
Both Hauke (1963) and Schaffner (1930b) considered the large, branched, Neotropical species Equisetum giganteum to be the most "primitive" Equisetum and proposed for the genus a Gondwanan origin, subsequent dispersal, and diversification in northern latitudes. The other large, branched, Neotropical species, Equisetum myriochaetum, was also regarded by Hauke (1963) and Schaffner (1930a Schaffner ( , 1930b as "primitive." Schaffner (1930a) in particular regarded the modern geographic distribution of Equisetum species to reflect, for the most part, their phylogenetic history, with the more derived taxa being more northerly. The only other Neotropical species, the diminutive E. bogotense, was the exception to Schaffner's (1930a) hypothesis, since he considered it to be more derived. Its geographic distribution was explained as a reinvasion of South America by the otherwise completely north-temperate subg. Equisetum (Hauke 1978) . Molecular evidence presented here suggests that the ancestral condition in Equisetum was more likely a small, unbranched plant, and that the large size and regular branching observed in the Neotropical E. giganteum and E. myriochaetum is a derived condition.
Hybridization
Prior attempts at understanding Equisetum systematics, phylogeny, and character evolution have been hampered by the proliferation of morphological intermediates caused by rampant hybridization among members within each subgenus. We were very careful to avoid hybrids, yet the widespread and prolific sterile hybrid between Equisetum laevigatum and Equisetum hyemale, Equisetum #ferrissii, was a persistent nuisance in our sampling for this study in that it was often confused for one or the other parent (Moran 1983) . In our final analyses we intentionally included two such samples (table 1) with interesting results. Though morphologically indistinguishable from each other, these two samples differed in their sampled chloroplast sequences: one is strongly supported as sister to E. laevigatum while the other is strongly supported as sister, and is identical in its sequence, to the other parent species, E. hyemale ( figs. 2, 3 ). Because the chloroplast is maternally inherited, the hybrid sequence data may be an excellent indicator as to which species served as the maternal parent in any given hybrid (Gastony and Yatskievych 1992; Renzaglia et al. 2002) . This observation may be useful in future studies that attempt to include Equisetum hybrids and predict parentage using a phylogenetic criterion.
Rates of Evolution
The increased rates of nucleotide substitution (due to transversions) that we observed in subg. Hippochaete were surprising and warrant further study (fig. 4) . Several other studies have revealed a similar rate difference between two basally divergent clades at the rbcL locus (Lewis et al. 1997; Pryer et al. 2001a) . One possible explanation for the significantly different substitution rates between the two subgenera might involve the subgeneric distinction of flush stomates (subg. Equisetum) versus sunken stomates (subg. Hippochaete) and how these "hardwired" structural differences might have differentially affected photosynthetic pathways, metabolic activity, and CO 2 availability in the two subgenera (Hibberd and Quick 2002; Raven 2002) . This possibility of variation in the photosynthetic machinery within the genus is currently under study (K. M. Pryer, A. R. Smith, and T. S. Feild, unpublished data). The higher ratio of nonsynonymous substitutions (Ka) to synonymous substitutions (Ks) in subg. Hippochaete is also of interest, as it may indicate a relaxation of purifying selection or positive selection at the rbcL locus in subg. Hippochaete. Sampling more loci from both the nuclear and plastid genomes might allow for a more direct assessment of the evolutionary history accompanying the observed rate change in rbcL between these two subgenera.
An additional character correlated with the increased rate of substitution that we observed in subg. Hippochaete is genome size, as estimated by cell-flow cytometry (Grime et al. 1988; Obermayer et al. 2002) . Sampled members of subg. Equisetum have C-values in the range of 12.5 to 14.2 pg of DNA per nucleus (Grime et al. 1988) , whereas species in subg. Hippochaete have C-values ranging from 21.3 to 30.4 pg of DNA per nucleus (Obermayer et al. 2002) , which may account for the larger chromosome size observed in subg. Hippochaete (Manton 1950). Without C-values for E. bogotense or for closely related outgroups, and given that our current best knowledge for relationships at the base of Equisetum is a polytomy, we cannot polarize this character; that is, we cannot hypothesize whether the genome has expanded in subg. Hippochaete or contracted in subg. Equisetum. A possible explanation for the expansion theory is that subg. Hippochaete might have experienced a bottleneck after diverging from the rest of the genus, thereby exposing a large number of deleterious recessive mutations in its genome to selection. Segmental duplications and genome rearrangements might have been favored subsequently as a mechanism to "cover" these recessive mutations with new dominant modifiers, thereby also leaving a signal of increased rate of molecular evolution. Until there is better resolution of our current phylogeny, an equally compelling evolutionary argument could also be put forth to explain why selection might have favored the contraction theory and why subg. Equisetum may have jettisoned a large part of its genome.
Recent Divergence of Equisetum
One hypothesis we wished to address in pursuing a phylogeny of the Equisetum crown group was whether it represented a recent radiation or if it "may be regarded as the oldest of living vascular plants" (Arnold 1947, p. 151) . Paleobotanists reserve the name Equisetum for Cenozoic fossils that cannot be distinguished from modern species (Stewart and Rothwell 1993) . The genus Equisetites is usually applied to Mesozoic casts or compression-impression fossils that are very similar in their leaf sheath and sporangiophore arrangement to modern Equisetum, but that cannot (usually because of their considerably larger size) be assigned to a modern species. Because of this there has been some question as to whether the fossil genus might be congeneric with the extant genus (Hauke 1963) .
A recent comparative study (Renzaglia et al. 2002) of the detailed architectural features of the sperm cells between E. arvense (subg. Equisetum) and E. hyemale (subg. Hippochaete) demonstrated that they are remarkably similar. The conservation of cellular features between the two subgenera may indicate a recent radiation for the genus. This observation agrees well with our dates (Tertiary) for diversification of the Equisetum crown group, estimated using penalized likelihood ( fig. 5 ). The DNA sequence-based age estimates for the Equisetaceae total group in our unconstrained analyses indicate a Paleozoic origin ( fig. 5 ), an estimate in remarkable accord with current interpretations of the fossil record. This lends support to the suggestion of an ancient relationship between Equisetaceae and Calamitaceae (Kenrick and Crane 1997a) . The date of radiation for the Equisetum crown group in both our constrained and unconstrained analyses also corroborates the traditional placement of Cenozoic Equisetaceae taxa in Equisetum, reserving membership in Equisetites for Mesozoic fossils that are morphologically distinct from extant species. Equisetum likely diverged in the Tertiary from Equisetites. The age estimates from our unconstrained analyses for the Equisetaceae total group and Equisetum crown group nodes are also well within, or close to, the standard deviations of the maximum parsimony age estimates calculated by Soltis et al. (2002; their Sanderson (1997) to accommodate rate heterogeneity among lineages. The penalized likelihood approach (Sanderson 2002a) , at least for the nodes of interest to us, appears to provide age estimates that are in line with how the fossil history has been interpreted for the group.
Because we sampled all the living species from the Cenozoic crown group radiation, there are no additional taxa that can be included (from a molecular perspective) to reduce the very long branch that leads from Equisetum to other vascular plants. This further emphasizes the analytical challenges one faces in determining the relationships of Equisetum to other plants.
Morphological Character Evolution in Equisetum
Our gene-estimated species tree allows an independent hypothesis with which we can address morphological character evolution in Equisetum. Here we consider several morphological characters thought by past workers to be of phylogenetic utility. For example, several sporophytic characters have been used to split the genus into subgenera Equisetum and Hippochaete. The position of the stomatal apparatus-sunken into the epidermis in subg. Hippochaete and flush with the epidermis in subg. Equisetum-shows good phylogenetic correlation, as does chromosome size (larger in subg. Hippochaete; Manton 1950). Interestingly, there are also clear-cut distinctions in gametophyte morphology between the two subgenera. Column lamellae and sunken antheridia with two opercular cells characterize subg. Hippochaete, whereas unistratose plates and projecting antheridia, generally with more than two opercular cells, prevail in subg. Equisetum (Duckett 1979a) . The absence of known hybrids between species of the two subgenera further substantiates this subgeneric division (Hauke 1974; Duckett 1979b) .
There are no known hybrids involving E. bogotense, an observation that has been attributed to the absence of any sympatric members of subg. Equisetum in its native South and Central American habitats (Duckett 1979b ). Our results suggest that E. bogotense is phylogenetically the most isolated species among extant congeners and might, therefore, be incapable of hybridization with other species in the genus. The ambiguous position of E. bogotense is the only ingroup difference between the parsimony and likelihood analyses of the combined -F data set. Because the phylogenetic rerbcL + trnL lationship of E. bogotense was not resolved in this study, we summarize the topology used to reconstruct character-state evolution ( fig. 6 ) as a basal trichotomy among E. bogotense, subg. Hippochaete, and subg. Equisetum.
Persistence of leaf sheath teeth was regarded by Hauke (1963) as a "primitive" character for the genus, and our study confirms that it is indeed plesiomorphic ( fig. 6A ). Equisetum bogotense, subg. Equisetum, and the basal members of subg. Hippochaete (Equisetum scirpoides and Equisetum variegatum) all retain their leaf sheath teeth throughout the life of the upright stems. A transition to withered or caducous sheath teeth took place among the derived species of subg. Hippo- ) and ( ramosissimum + E. hyemale E. myriochaetum + E. ), or they were lost only once at the base of the (E. laevigatum ramosissimum to E. laevigatum) clade, and there was a reversal to persistent teeth in E. giganteum. With the exception of E. giganteum, all species in the (E. ramosissimum to E. laevigatum) clade usually shed their leaf sheath teeth, sometimes by an abscission layer (E. hyemale), either prior to maturity or on mature plants. This character shows considerable variation in E. ramosissimum, with the sheath teeth in subsp. debile drying and regularly caducous and those in subsp. ramosissimum withering but not always shed.
The persistent sheath teeth in E. giganteum was one of several homoplastic characters that misled Hauke (1963) into believing that this species was the most "primitive" member of Equisetum (fig. 6A) . Hauke (1963) also proposed that stomatal distribution in the stem grooves was indicative of phylogenetic position. He postulated that stomates in bands or scattered was the "primitive" condition and that stomates in single files was advanced. Mapping this character on our phylogeny indicates that it correlates almost perfectly with subgeneric circumscription, the sole exception being E. giganteum ( fig. 6B) . Its large size, persistent sheath teeth, and stomates in bands led Hauke (1963) and Schaffner (1925b Schaffner ( , 1930a Schaffner ( , 1930b to believe that these were good indicators of a species not so far removed from fossil members of the genus and therefore of early origin. Equisetum giganteum, however, is well nested within subg. Hippochaete, and these sheath teeth and stomatal distribution characters are clearly homoplastic.
Four species of Equisetum (all within subg. Equisetum) exhibit some degree of aerial stem dimorphism (Hauke 1993) , producing both vegetative and fertile stems. Equisetum arvense and Equisetum telmateia are dimorphic with green, branched, and persistent vegetative stems and fertile stems that are tan (achlorophyllous), lacking stomates, unbranched, and ephemeral. Equisetum sylvaticum and E. pratense are semi-dimorphic with green, branched, and persistent vegetative stems and fertile stems that are tan, with stomates, initially unbranched, and persisting to become branched and green after spore discharge. Schaffner (1925b Schaffner ( , 1930a Schaffner ( , 1930b placed considerable importance on aerial stem dimorphism in his classification of subg. Equisetum with his sect. Heterophyadica including all four of these species. Although he downplayed the importance of dimorphism, Hauke (1978) maintained sect. Heterophyadica in his monograph of subg. Equisetum but excluded E. telmateia from it based on other characters that he determined aligned it more closely with members of sect. Equisetum. In an earlier study, Page (1972a) had dismissed dimorphism and semi-dimorphism as being unreliable phylogenetic markers, an assessment slightly at odds with his inclusion of the two semidimorphic species, E. pratense and E. sylvaticum, as the sole members of his sect. Subvernalia. Our analyses suggest that semi-dimorphism is, in fact, a synapomorphy for this clade ( fig. 6C ). Though this node is weakly supported in our analyses, this grouping was supported by Page (1972a) on the basis of micromorphological characters of the epidermis and by Duckett (1979a Duckett ( , 1979b on the basis of similarities in gametophyte morphology and the successful synthesis of hybrids between the two species. The fertile stems of the two dimorphic taxa, E. arvense and E. telmateia, produce no stomates (Hauke 1978) , hence their inability to photosynthesize and persist. Our molecular phylogeny places E. arvense in a different clade from E. telmateia, with strong bootstrap support, suggesting that DES MARAIS ET AL.-PHYLOGENY AND EVOLUTION OF EXTANT HORSETAILS 749 dimorphism and the loss of stomates on fertile stems are homoplastic ( fig. 6C ).
Perhaps one of the most fascinating and widely studied aspects of Equisetum biology is the gametophyte and its highly varied sexual behavior (Hauke 1963 (Hauke , 1969 (Hauke , 1978 (Hauke , 1980 Duckett 1970 Duckett , 1972 Duckett , 1977 Duckett , 1979a Duckett , 1979b Duckett and Duckett 1980; Duckett and Pang 1984) . The gametophyte is terrestrial, thalloid, and photosynthetic. Though there is debate on the sexual sequence of individual species (Hauke 1963 (Hauke , 1969 Duckett and Pang 1984) , all extant taxa produce gametophytes that initially are unisexual, producing either antheridia or archegonia (Duckett 1970 (Duckett , 1972 (Duckett , 1979a (Duckett , 1979b ; subsequently, the females produce antheridia and give rise to bisexual gametophytes (to varying degrees) by lamellar proliferation (Duckett and Pang 1984) . The tendency for initially female gametophytes to become rapidly bisexual is apparently more marked in subg. Equisetum than in subg. Hippochaete (Duckett 1972) . Archegonial development on these bisexual gametophytes eventually ceases, and the initially female gametophytes ultimately become functionally male (Hauke 1978) . The formation of archegonia on initially male gametophytes is a rarer event in species in both subgenera and is strongly influenced by the culture medium, the age of the parent tissue, and the particular species (Duckett 1972) . Equisetum bogotense is alone in having dimorphic gametophytes that apparently remain strictly unisexual (Hauke 1969) , though Duckett (1972) suggested that Hauke's experiments may have been too short for the full sexual behavior to become manifest.
Hauke's early observations (1963, 1969 ) that E. giganteum produced gametophytes that form archegonia and antheridia at the same time and from the same region of the meristem (i.e., initially bisexual) provided additional fuel for his hypothesis that this was a "primitive species" (he presumed that unisexuality was a derived condition). In their experiments, Duckett and Pang (1984) clearly demonstrated that the gametophytes of E. giganteum follow the same pattern in their sexual behavior as observed in other species of subg. Hippochaete, thereby refuting the rationale used by Hauke. The nested position of E. giganteum within subg. Hippochaete in our phylogeny (figs. 2, 3) adds support to this argument by Duckett and Pang (1984) .
Conclusion
Our findings from DNA sequence analysis point to the need for a thorough reexamination of morphological characters and character states in Equisetum, an analysis that ideally should include fossils as well. The interpretation of many characters in Equisetum, including cones, leaves, and other structures, remains difficult because of their uniqueness among tracheophytes, a paucity of developmental studies, and the consequent difficulty of assessing homologies. It is our hope that hypotheses of species relationships, such as we present here, are a step toward eventually better understanding and interpreting morphological evolution in this fascinating group of plants.
